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It is interesting to find what limits the conservation of momentum in the experiment and how this shows up in the measurement. Clearly, any mechanism that breaks invariance to translations relaxes the constraint of momentum conservation and with it the conditions for allowing current to flow through the junction. Because of the high quality of CEO wires, momentum relaxation is mainly caused by the finite length of the tunnel junction.
The effects of finite size on G(V sd ,B) are very clear in the measurement of a 2-m tunnel junction. Figure 4 shows a zoom into the low B part of such a scan. Even for such a short junction, one can see the dispersions of the wires. On the other hand, contrary to the scan of the 6-m junction in Fig. 3 , G(V sd ,B) is appreciable off the dispersions. One can see that the deviations of G(V sd ,B) from zero form a checkerboard pattern. This pattern is a striking manifestation of the finiteness of L: The momentum ␦ function (that traces out the dispersion curves) oscillates as a function of its argument on a scale L
Ϫ1
; for a 6-m junction, periods that are onethird of the periods in Fig. 4 are observed. By viewing the checkerboard as Aharonov-Bohm oscillations, it is easy to show that the periods in the V sd and B directions are indeed given by ⌬V sd L/v p ϭ ⌬BLd ϭ 0 , where 0 ϭ h/e is the flux quantum. This result can be also derived from a Fermi-liquid microscopic model (30). Similar oscillations appear in calculations that take interactions into account (31, 32). 23 Arrays of C 60 molecules nested inside single-walled nanotubes represent a class of nanoscale materials having tunable properties. We report electronic measurements of this system made with a scanning tunneling microscope and demonstrate that the encapsulated C 60 molecules modify the local electronic structure of the nanotube. Our measurements and calculations also show that a periodic array of C 60 molecules gives rise to a hybrid electronic band, which derives its character from both the nanotube states and the C 60 molecular orbitals.
Single-walled carbon nanotubes (SWNTs) have inspired remarkable advances in science and engineering at the nanometer scale during the past decade (1). For electronic applications, the SWNT appears to be an ideal template for fabricating single-moleculebased devices, such as nanotube-based diodes (2-4), single-electron transistors (5, 6) , memory elements (7), and logic circuits (8, 9) . Due to their size and geometry, SWNTs also provide a unique opportunity for nanoscale engineering of novel one-dimensional (1D) materials systems, created by self-assembly of atoms or molecules inside the SWNT's hollow core (10) . The promise of this material synthesis method has been demonstrated recently by the discovery (11) and subsequent high-yield production (12) of C 60 @SWNT: a supramolecular assembly resembling a nanoscopic peapod composed of a 1D array of C 60 molecules nested inside a SWNT (Fig. 1A) . The composite nature of C 60 @SWNT peapods, as well as other simi- lar structures (13) , raises the exciting possibility of a nanoscale material having a tunable structure that can be tailored to a particular electronic functionality. However, other than structural characterization (12) (13) (14) (15) (16) , little is known about these composite systems. In particular, it is unclear to what extent their electronic properties (17) are different or derived from those of the constituent parts-an issue that may affect the future design of similar hybrid nanostructures and their application in electronic circuits.
Here we report measurements made with a scanning tunneling microscope (STM) of the electronic states of individual C 60 @SWNT peapods; and, together with theoretical modeling, we demonstrate several key electronic phenomena in this hybrid structure. For example, we show that the local electronic properties of SWNTs can be selectively modified by the encapsulation of a single C 60 molecule. Moreover, we demonstrate that periodic arrangements of encapsulated C 60 molecules give rise to new electronic bands derived from the interaction between C 60 molecular orbitals and the SWNT band structure, presenting the possibility of designing hybrid structures in which an encapsulated molecule is used to define on-tube electronic devices. Furthermore, controlled periodic arrangements of encapsulated molecules can make it possible to create 1D resonant quantum structures that can be coupled via the unperturbed sections of the SWNT. Our experiments and theoretical calculations suggest that encapsulation provides additional means of control over the electronic states of SWNTs, which are already at the heart of many proposed approaches to nanoelectronics (1-9).
We performed our experiments using a home-built STM operating under ultrahigh vacuum (UHV) and cooled to ϳ4 K by means of thermal coupling to a liquid helium bath. STM imaging of samples after processing (18) and cooling shows regions typical of an ordered Au(111) surface and other regions covered with isolated or bundled SWNTs. The images of many of the nanotubes revealed typical electronic modulations associated with the atomic lattice of pristine SWNTs (19, 20) . However, about 10 to 20% of the SWNTs examined exhibited distinct electronic features in both imaging and spectroscopy measurements that identified them as peapods (Fig. 1A) .
The characteristic feature of peapods appears in the STM images when we map their unoccupied electronic states, using positive sample biases exceeding about ϩ1 V (Fig.  1B) , whereby "peaks" appear to be superimposed on the atomic corrugation of the SWNT cage. Scanning along the top of the peapod, these peaks appear in STM topographs as periodic modulations having an amplitude of 0.3 to 0.5 Å, which is significantly larger than those due to the atomic corrugations (ϳ0.1 Å) (Fig. 1D) . Examining many tubes, we found nine peapods that displayed ordered arrays of peaks, as many as several dozen, with an average spacing of 10.5 Å (with a SD of 1.0 Å). We also observed peapods with arrays containing spaces or "vacancies." In contrast to the distinct periodic pattern observed in the unoccupied electronic states of peapods (Fig. 1B) , STM topographs of their occupied electronic states show only features associated with the underlying atomic lattice of the SWNT cage (Fig.  1C) .
The spatial period of the peaks in the peapods' unoccupied electronic states matches closely the 10 Å average spacing in closepacked arrays of the C 60 molecules measured with transmission electron microscopy (TEM) at room temperature (Fig. 1A) (12, 14) . Hence, we associate these periodic features with chains of encapsulated C 60 molecules, and we associate their interaction with the nanotube cage. More important, contrasting the occupied and the unoccupied maps of the electronic states, we conclude that the interactions between the C 60 molecules and the nanotube cage do not alter the nanotube's atomic lattice, which is consistent with theoretical calculations that predict the encapsulation process to be energetically most favorable when it does not create structural distortion in the SWNTs (17) . It is also consistent with TEM experiments providing evidence for weak van der Waals bonding between the C 60 molecules and the SWNT cage by demonstrating that the C 60 molecules are mobile inside the peapods at room temperature (12, 16) . Overall, examination of the STM images of individual peapods leads us to conclude that although the interior fullerenes do not affect the atomic structure of the SWNT cage, they do modify its electronic states.
Previous STM spectroscopy has shown that unfilled SWNTs exhibit densities of states (DOSs) indicative of 1D metals or semiconductors, with the onset of subbands at successively higher energies (19, 20) . All the SWNTs that were identified as peapods in our studies appeared to be semiconducting, with a gap in the DOS at low voltages. In contrast to unfilled semiconducting SWNTs, peapods exhibit additional electronic features that are strongly dependent on the location along the tube. For example, representative STM tunneling spectra are shown at two different locations spaced 6.3 Å apart along the top of the peapod (Fig. 2) . The occupied DOS [voltage (V ) Ͻ 0] of this peapod resembles that of an unfilled semiconducting SWNT; however, the unoccupied DOS contains more complex electronic features, which vary on the nanometer scale. The apparent asymmetry in the STM spectra is consistent with our observation that STM images of peapods are distinct from those of unfilled SWNTs only at positive sample biases. For maximum dynamic range, the STM junction was initially set at ϩ1.75 V and 1.25 nA before sweeping the voltage bias. As a result, the relatively smaller variation in differential conductance (dI/dV ) observed for negative bias can be attributed to the initial difference in tip heights.
An intensity plot of the spatially resolved STM spectra measured along the peapod axis reveals the modulated electronic structure. For example, in the spectra for a peapod having an ordered array of C 60 molecules with a 9.9 Ϯ 0.53 Å spacing (Fig. 3A) , although we observe gradual variations of the band structure along the peapod, the most dramatic feature is the periodic spatial variations of its unoccupied DOS. For electron energies above ϳ1 eV, the STM spectra have the expected periodicity of the encapsulated C 60 lattice; however, depending on the electron energy, these modulations may be phase-shifted relative to each other by half a period (Fig. 3C) . The observation of energy-dependent modulation of the unoccupied DOS is a common characteristic of all ordered peapods in our experiments and is the central experimental finding of this report.
As a final control experiment and to demonstrate directly the importance of the C 60 molecules in determining the electronic structure of the peapods, the STM was used to manipulate the encapsulated C 60 molecules. Using this technique (21), we have been able to slide the C 60 molecules to create unfilled sections in an otherwise filled peapod. We are able, therefore, to compare the spectroscopic measurements performed on the same section of a peapod with and without the encapsulated C 60 molecules (Fig. 3, A and D) . With the C 60 molecules absent (Fig. 3D) , the DOS resembles that expected for an unfilled SWNT; however, the presence of the encapsulated molecules results in an apparent rigid shift of ϳ60 meV (Fig. 3B ) and in strong modification of unoccupied electronic structure for energies (E) Ͼ ϩ1 eV. This comparison also demonstrates that the gradual spatial variations observed in both spectra are unrelated to the encapsulated molecules and are most likely due to extrinsic effects, such as torsion or strain of the SWNT (22) .
To account for our STM measurements of the modulated electronic states in peapods, we first consider the encapsulated C 60 molecules. In isolation, C 60 has a fivefold degenerate highest occupied h u orbital, which is separated by a gap of ϳ2 eV from a threefold degenerate unoccupied t 1u orbital (23) . Placed in a close-packed linear array inside a peapod, the dispersion of the C 60 -derived band arises from direct overlap between orbitals on nearest neighbor molecules and from an indirect process in which electrons tunnel from a C 60 molecule onto the nanotube and then onto a neighboring C 60. The bandwidth for the former direct process can be estimated from the bandwidth of a face-centered-cubic C 60 solid, giving a value of ϳ100 meV. This estimate is much smaller than the energy range of the features in our experimental results; hence we conclude that the direct tunneling between the C 60 molecules is not as dominant as the indirect tunneling between them through the SWNT. In this situation, the SWNT acts as a conduit that enhances the coupling between the C 60 molecules nested inside of it. Equally important is the periodic arrangement of the C 60 molecules, which gives rise to Bragg scattering of the electronic states of the SWNT in a fashion similar to that encountered in the classic 1D Kronig-Penney problem (24) .
In constructing a theoretical model, we note that the high symmetries of the electronic states of both SWNTs and C 60 molecules constrain their interaction and lead to a simple model for the electronic states of peapods. For a SWNT, the 1D electronic states form a series of occupied and unoccupied energy subbands indexed by the azimuthal quantum number m. These subbands are arranged symmetrically in energy about the chemical potential, with the m ϭ 0, Ϯ1 subbands within a few volts of the chemical potential-near the expected energy range of the C 60 molecules' occupied h u and unoccupied t 1u orbitals (25, 26) . However, the hybridization of SWNT states and the C 60 orbitals is strongest for the states with the same azimuthal symmetry. Thus we expect the SWNTs' m ϭ 0, Ϯ1 subbands to resonate only with the C 60 molecules' unoccupied t 1u "p-like" orbitals and not with the unoccupied h u orbitals, which have a "d-like" symmetry. Our experiments confirm this assignment, as they show that occupied states of the peapods are identical to those for unperturbed SWNTs and are insensitive to the encapsulated C 60 molecules. We also note that the encapsulation of C 60 lifts the degeneracy of its t 1u orbital into an axially oriented m ϭ 0 singlet level and a higher energy m ϭ Ϯ1 doublet oriented normal to the SWNT cage. The STM tip couples only to the electronic states that are derived from the mixing of the m ϭ Ϯ1 t 1u doublet with the SWNT subbands; hence we analyze the data by constructing a theoretical model that hybridizes only these states.
We find that we can understand the differences between the electronic structure of the peapod and that of a SWNT by calculating the band structure for the case of a single m ϭ ϩ1 SWNT subband interacting with a periodic chain of C 60 t 1u doublet orbitals at ϩ1.3 eV, with spacing a ϭ 10 Å. In making this calculation, we have taken the band edge of the m ϭ ϩ1 subband to be at 1.1 eV, which is the expected value for a semiconducting SWNT having a diameter of 13.1 Å. As shown in Fig. 4A , the model band structure for the peapod is different in two respects from that expected for an unperturbed SWNT. First, the effective coupling between the C 60 molecules' t 1u orbitals via the SWNT subband results in the formation of a new narrow band near the energy of the t 1u level. This new band is separated by a hybridization gap from the dispersing m ϭ ϩ1 band of the SWNT, which is shifted up in energy. The periodic potential imposed by the C 60 molecules also gives rise to Bragg gaps splitting the SWNT state at the wave vectors k ϭ Ϯ /a.
To make a more direct comparison of our model with the measured spectroscopic maps of peapods (Fig. 3) , we have calculated the spatial dependence of the DOS as a function of energy (Fig. 4, B and C) . The narrow energy band derived from the t 1u orbitals shows strong enhancements in its DOS directly over the C 60 molecules at energies close to the edge of the band. This feature of our model calculation and the double peak structure around 1.1 eV in the spectroscopic data of Fig. 3, A and B , is strikingly similar. Furthermore, our calculation shows that the spatial modulation of the SWNT subband at energies above the hybridization are peaked not over the C 60 molecules but rather in between them (Fig. 4C) . This phase shift between the electronic states above and below the hybridization gap is also observed in the experimental results, as illustrated in Fig.  3C . Overall, our model calculation captures the salient features of the electronic DOS of the peapods measured in our experiments. Further refinement of this model, such as including the interaction of C 60 with other SWNT subbands (such as the lower energy m ϭ -1 subband) and including the spatial extent of t 1u orbitals, can improve the agreement between theory and experiment.
Our theoretical calculation demonstrates how the measured electronic properties of a peapod are different and are derived from those of its constituent parts, but it also provides possible design rules for proposing hybrid structures having a specific type of electronic functionality. At a simple level, as in other heterostructured materials, periodicity imposes important and easily predictable effects on the properties of these systems. However, the role of symmetry of various electronic states (as identified here for a peapod) can perhaps impose less obvious constraints that can be exploited for linking specific electronic states. As the drive toward miniaturization of electronic devices continues, such concepts may be useful in exerting control over selective electronic states in individual nanostructures and for coupling them together.
